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Abstract: 14 
This study demonstrates a novel method for testing the hypothesis that variations in primary and 15 
secondary particle number concentration (PNC) in urban air are related to residual fuel oil 16 
combustion at a coastal port lying 30 km upwind, by examining the correlation between PNC and 17 
airborne particle composition signatures chosen for their sensitivity to the elemental contaminants 18 
present in residual fuel oil. Residual fuel oil combustion indicators were chosen by comparing the 19 
sensitivity of a range of concentration ratios to airborne emissions originating from the port. The 20 
most responsive were combinations of vanadium and sulfur concentration ([S], [V]) expressed as 21 
ratios with respect to black carbon concentration ([BC]). These correlated significantly with ship 22 
activity at the port and with the fraction of time during which the wind blew from the port.  23 
The average [V] when the wind was predominantly from the port was 0.52 ng.m-3 (87%) higher than 24 
the average for all wind directions and 0.83 ng.m-3 (280%) higher than that for the lowest vanadium 25 
yielding wind direction considered to approximate the natural background. Shipping was found to be 26 
the main source of V impacting urban air quality in Brisbane. 27 
However, contrary to the stated hypothesis, increases in PNC related measures did not correlate with 28 
ship emission indicators or ship traffic. Hence at this site ship emissions were not found to be a 29 
major contributor to PNC compared to other fossil fuel combustion sources such as road traffic, 30 
airport and refinery emissions. 31 
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1.  Introduction 34 
The presence of numerous fuel burning sources of air pollution in an urban environment complicates 35 
the problem of source apportionment for the various urban pollutants. This is especially true of 36 
particle number concentration (PNC or [PN]) where in addition to primary particle emissions 37 
secondary particle formation processes come into play. The situation becomes still more complex in 38 
coastal cities where ships burning low quality residual fuel oil add to the pollution load. 39 
Recent studies have highlighted the importance of non-road-traffic sources of increased particle 40 
number concentration at urban sites. Cheung et al.(2010; 2011) studied nucleation events in urban 41 
(Brisbane City), semi-urban (Rocklea) and road-side sites (Woolloongabba) in and around Brisbane 42 
and identified the geographic regions responsible for them. They found that PNC was significantly 43 
influenced by pollution coming from a region encompassing both the Port of Brisbane and Brisbane 44 
Airport. Both of these facilities were identified as possible sources but the authors were unable to 45 
determine the predominant source. It has also been suggested that link between PNC and traffic 46 
emission may break down near midday in coastal regions with high levels of insolation partly due to 47 
the influence of recirculating aged ship emissions producing secondary particle formation (Pey et al., 48 
2013; Pey et al., 2009; Reche et al., 2011). 49 
Aircraft are well known as intensive sources of nucleation mode particle formation(Johnson et al., 50 
2008; Mazaheri et al., 2009) but shipping has also been suggested as a likely source of secondary 51 
particle formation precursors because of the high sulphur content of the residual fuel oil they burn. A 52 
significant increase in PNC associated with ship emissions has previously been noted at an urban site 53 
within 1 km of a busy shipping terminal(González et al., 2011) during favourable winds. Ship 54 
emissions may however reduce nucleation rates locally within the boundary layer by providing an 55 
additional sink in the form of large primary particle surface area concentrations which act as a site 56 
for secondary aerosol condensation. More globally they do enhance nucleation in distant clean free-57 
tropospheric regions where increased gaseous sulphur compound concentrations can persist after 58 
deposition mechanisms such as precipitation have depleted the primary particle load(Peters et al., 59 
2012).  60 
The crude oil refining process yields high purity volatile gasoline, jet fuel and diesel fractions but 61 
concentrates unwanted impurities including sulphur vanadium and nickel in a low value refining 62 
residue which is very widely used as a fuel in international shipping(Agrawal et al., 2008; Healy et 63 
al., 2009). Ship fuel quality is regulated in terms of sulfur content in ports in a number of locations 64 
including Canada, the EU and California, but to date ship emissions in Australian waters and ports 65 
are subject only to the global requirements of MARPOL Annex VI. This limits fuel sulfur to a 66 
maximum of 3.5% except in Emission Control Areas (ECA’s) and no ECA’s are currently 67 
designated for Australian waters(Goldsworthy and Galbally, 2011). Ships using Australian ports are 68 
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therefore free to, and for financial reasons usually do, use impure low cost residual fuel oil and 69 
therefore exhibit dramatically higher V, S and Ni emission factors compared to other local users of 70 
fossil fuels(Goldsworthy and Galbally, 2011). These impurities can however facilitate the process of 71 
identifying ship emissions in ambient air. 72 
Vanadium and nickel (derived from chlorophyll precursors) are the two most abundant metals in 73 
crude oil, being present at concentrations of up to 340 ppm and 1580 ppm respectively(Barwise, 74 
1990; Moreno et al., 2010) and fly ash emitted by large ships burning residual fuel oils contains 75 
vanadium at concentrations in the range 10-50 mg.g-1. Particles high in V and Ni are therefore 76 
present in exhaust emissions from facilities where such fuel is burnt and vanadium is a recognised 77 
indicator of residual fuel oil combustion emissions(2010; 2011; Pey et al., 2013; Pey et al., 2009; 78 
2009).  79 
The V/Ni ratio has been of special interest because of its potential for use as an identifier of residual 80 
fuel oil combustion. Metals in crude oil are transferred along with sulphur and other impurities to the 81 
oil refining residues and therefore appear in similar proportions in residual fuel oil. Crude oil 82 
[V]/[Ni] typically lies in the range 1-3 but the use of [V]/[Ni] as a source identifier is limited by the 83 
potential overlap in [V]/[Ni] that can occur between mineral dusts and residual fuel oil combustion 84 
particles and the possibility that refined fuels derived from the original crude oil can also retain the 85 
original ratio albeit at much lower concentrations. 86 
Another element of interest in this study is chlorine (Cl). Chlorine is present in freshly formed 87 
marine aerosols, derived primarily from the NaCl in sea salt aerosolised through bubble bursting and 88 
wave action(Blanchard, 1983) but is lost through interaction with acidic sulphur and nitrogen species 89 
as the aerosol ages(Pio and Lopes, 1998). This Cl marine signature will persist for some hours 90 
alongside emissions recently injected by coastal industrial sources as onshore winds carry them 91 
inland from the coast(Chan et al., 1999).  92 
This study aims to test whether shipping activity at a coastal port is related to elevated PNC in urban 93 
air at a location far from the port. The specific objectives required to achieve this were to: 94 
(1) Identify signatures sensitive to emissions from sources burning residual fuel oil but not regulated 95 
domestically fuels. 96 
(2) Demonstrate signature effectiveness by identifying a known source of airborne residual fuel oil 97 
combustion emissions. 98 
 (3) Finally to test the hypothesis that shipping activity is linked to elevated PNC in urban air by 99 
examining the correlation between the shipping emission indicators and PNC. 100 
2. Materials and Methods 101 
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The methodology used is introduced by first describing the geographical relationships between the 102 
suburban measurement site and the industrial sites where elevated levels of fossil fuel derived V, Ni 103 
and S are likely to be produced. The sample collection methodology is then described before giving 104 
an overview of the approach to data treatment including the wind data classification scheme used. 105 
The study was conducted in Brisbane which is mid-way along the east coast of the Australian 106 
continent. Shipping activity at the Port of Brisbane is dominated by large vessels such as container 107 
ships and vehicle carriers. A number of potentially confounding emission sources including two oil 108 
refineries and Brisbane’s main airport also exist in close proximity to the Brisbane’s main port 109 
which is located in a coastal industrial area to the east of the city. Oil refineries are major emitters of 110 
sulphur in the form of SO2 and the airport is a strong emitter of PN but a relatively weak emitter of 111 
SO2 and PM including BC(Mazaheri et al., 2011). 112 
We conducted air quality measurements in the suburb of Rocklea about 7 km South-West of the city 113 
centre, as shown in the map in Figure 2. When considered from the measurement site at Rocklea, the 114 
main shipping terminal area of the Port of Brisbane subtends a compass bearing range of 42-45° and 115 
is approximately 24 km distant. The main runway of the Brisbane Airport is another nearby intensive 116 
source of fossil fuel combustion emissions (Mazaheri et al., 2011) subtending a compass bearing 117 
range of 37-39°. The port is surrounded by flat coastal land and sea for at least 30 km in all 118 
directions.  119 
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46° Oil Refinery A 
53° Oil Refinery B 
43° Port 38° Airport 
Figure 1: Map of Brisbane City (Google Maps) and its surrounding areas. The Rocklea 
measurement site is indicated by a star and compass rose. The direction of the line 
connecting Rocklea and the main shipping terminal of the Port of Brisbane lies in a North 
Westerly direction at 43°.  The direction of the line connecting Rocklea and the Brisbane 
Airport Main Runway lies in a North Westerly direction at 38°. 
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2.1 Particle Number, Black Carbon and Chemical measurements  124 
Particle number concentration was continuously measured and logged at 30 minute intervals by a 125 
water-based condensation particle counter (CPC) (TSI 3781) which has a 50% detection threshold 126 
size of 6 nm. PM2.5 (particles with an aerodynamic diameter less than 2.5 µm) samples were 127 
collected on Teflon filters (PALL Life Science, Pall Corp., Ann Arbor, MI) using an IMPROVE 128 
cyclone sampler adapted for the Aerosol Sampling Project (ASP) (Australian Nuclear Science and 129 
Technology Organisation (ANSTO), Sydney, NSW) at a height of 1.5 m. Flow rate of the influx 130 
was 22 L.min-1. Twenty-four-hourly samples were collected from the Rocklea site on Wednesdays 131 
and Sundays, from midnight to midnight, between June 2007 and June 2010. For the purpose of the 132 
current study and because of a lack of comparison data only data from 2009 were used.  133 
During 2009 approximately 100 daily elemental concentration data sets were obtained including 134 
concentrations of vanadium (V), nickel (Ni), sulfur (S), chlorine (Cl) and black (elemental) carbon 135 
(BC). The filter samples were analysed by the Australian Nuclear Science and Technology 136 
Organisation, Sydney using Ion Beam Analysis. Concentrations of vanadium are symbolised by [V], 137 
nickel by [Ni] and so on. The chemical concentration time series data is provided in Table A 2 of the 138 
appendix.  139 
2.2 Wind measurements 140 
Wind speed and direction was measured with hourly temporal resolution throughout 2009. All “wind 141 
directions” refer to the upwind direction. Wind speed and direction are treated as a single vector 142 
quantity (wind velocity) for the purposes of calculating average wind directions and magnitudes. 143 
Angles are designated in degrees, measured from the North (0o) in a clock-wise direction. All 144 
compass bearings and wind directions including the octants defined below are designated by the 145 
central angle of the relevant angular range.  146 
For the purposes of analysing the data the wind directions are classified into 8 equal sectors 147 
(octants), each subtending an angular range 45° in width and centred at 0°, 45°, 90°,... and 315°. The 148 
octants are designated as the N, NE, E, SE, S, SW, W and NW octants respectively.  149 
2.3 Data Analysis 150 
Depending on the specifics of the location a number of other emission ratios besides [V]/[Ni] can be 151 
formulated to assist  in identifying the presence of residual fuel oil combustion emissions in ambient 152 
air. Although residual fuel oil may burn with slightly reduced combustion efficiency than higher 153 
quality domestically available diesel fuels, the carbon content is the same. The BC emission factor 154 
per unit fuel burnt is typically not more than 80% higher for residual fuel oil combustion (Buffaloe 155 
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et al., 2013; Lack and Corbett, 2012). This contrasts with the situation for V, Ni and S where the 156 
emission factor for these elements is far higher from residual fuel oil, being in proportion to the 157 
concentration of the element in the fuel itself. The result is dramatically elevated emission factors for 158 
V, Ni and S relative to the BC emission factor and these differences result in higher than normal 159 
ratios of [V]/[BC], [Ni]/[BC] and [S]/[BC] ratios in air polluted by residual fuel combustion exhaust, 160 
making such ratios potential indicators of residual fuel combustion. Furthermore elevated levels of 161 
the multiplicative product of several of these indicator ratios, for example [V]/BC]x[Ni]/BC], will be 162 
still more reliable indicators of residual fuel combustion.  163 
The product of two or more of these ratios is no longer linearly dependent on the amount of residual 164 
fuel combustion exhaust present in the sample so the linear dependence is restored by using the 165 
geometric mean of the product instead. For example ([V][Ni]/[BC]2])1/2 and ([V][Ni][S]/[BC]3])1/3 166 
are used in preference to ([V][Ni]/[BC]2]) and ([V][Ni][S]/[BC]3]) respectively. 167 
Flat coastal terrain surrounds the port to a distance at least 30 km in every direction and extends to 168 
approximately 7km beyond the measurement site. Straight average back trajectories were therefore 169 
expected to prevail for airflows travelling between the Port and measurement site. The wind speed 170 
data (measured hourly) were combined to determine average wind speeds and directions 171 
corresponding to chemical samples collected over a 24 hour period at three day intervals. For the 172 
purposes of this analysis it was assumed that the amount of a species arising from a specific source 173 
such as the port or airport was proportional to the fraction of the sample collection time in which the 174 
wind blew from the octant containing that source. This embodies the additional assumption that 175 
during each 24 hour sample collection period, the concentration of the species in the air arriving at 176 
the sample site depended primarily on the wind direction and not the wind speed. Thus, any 177 
variations in concentration due to wind speed at the source are not specifically taken into account.  178 
The daily mean wind velocity vector was thus paired with the corresponding chemical concentration 179 
data measured on that day. Wind rose octant allocations for each chemical species were then 180 
determined by assigning each 24 hour chemical sample to the octant containing the mean wind 181 
direction vector for its 24 hour sample interval. The concentration time series for BC, V, Ni, S, Cl as 182 
measured at Rocklea are provided in Table A 2 of the appendix, together with corresponding mean 183 
wind speed and direction data for each sampling time interval. For the N, NE, E, SE, S, SW, W and 184 
NW octants there were 1, 21, 20, 22, 11, 14, 8 and 1 such sample intervals respectively. 185 
Before the analysis could proceed, three outlying data points attributable to instrument malfunction 186 
were removed from the BC data as shown in Figure A 1 of the appendix. Measurements were also 187 
excluded for the other variables so that those three measurement days were removed from the data 188 
set entirely. Following this, 98 measurement days remain, of which 15 days include results below 189 
the LOD for Vanadium, 18 include results below the LOD for Nickel, and 20 are null measurements 190 
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for PNC (no measurement due to instrument faults) which were excluded from analysis. Elemental 191 
concentrations (Vanadium and Nickel) below the limits of detection (LOD) were replaced are in the 192 
analysis with the value LOD/√2 and all analyses involving PNC are based on 78 data points.  193 
3. Results and discussion 194 
The presentation of the results begins by describing the wind conditions throughout the sampling 195 
period. This is followed by a description and discussion of the wind rose distribution of the relevant 196 
species measured at the sampling site focussing on species showing a high level of directionality. 197 
Several indicator species are then combined to demonstrate improved ship emission specificity. 198 
The significance and strength of correlation between each of the various species and indicators and 199 
the number of ship visits to the port is then examined to assess the validity of the link between the 200 
indicator and shipping activity levels.  201 
Finally, in order to test the hypothesis that shipping activity is also linked to elevated PNC at the 202 
Rocklea sampling site the significance and strength of correlation between PNC/[BC] and ship visits 203 
as well as the best ship emission indicators is examined. A number of possible alternative sources of 204 
PN and PN precursor species are also discussed.  205 
3.1 Wind rose distribution of wind exposure at the Rocklea site 206 
The prevailing (mean) wind direction at the Rocklea site throughout the sampling period lies in the 207 
SE octant however as shown in Figure 2 the direction of the daily mean wind velocity ranged from 208 
NE (45°) to W (270°). The site experienced very little exposure to the remaining NW and N octants 209 
which each registered a single day. Therefore pollutant concentrations assigned to these two octants 210 
were not considered in the interpretation. 211 
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Figure 2: Site exposure per octant at the Rocklea site (45° resolution). 213 
3.2 Wind rose distribution of [V], [Ni], [S], PNC, [Cl] and [BC] at Rocklea 214 
The variation of the octant averaged concentrations of each species versus wind rose octant is 215 
examined in this section. As explained previously these averages are calculated across all sampling 216 
intervals in which the daily mean wind velocity vector lay within the octant boundaries. The wind 217 
rose plot for each pollutant is shown in Figure 3. 218 
As expected for an element emitted from the marine environment, Cl dominates the coastal octants 219 
lying to the east of the Rocklea sampling site and is most prominent in octants within the southeast 220 
quadrant corresponding to the predominant wind direction in the Brisbane region. The elevated [Cl] 221 
in these eastern octants confirms the assumption that pollutants measured in Rocklea in winds from 222 
eastern octants carry directionally resolvable coastal source emissions and hence should similarly 223 
contain directionally resolvable pollutants from other coastal emission sources including ships 224 
visiting the Port.  225 
The average values for [V] are largest in the 45° octant. Evidence of a corresponding lobe for both 226 
Ni and S is less distinct but overall the elements emitted at very high rates from residual fuel 227 
combustion ie [V], [Ni] and [S], all show strong contributions from the Northeast octant where the 228 
port is located. See Table A 1 of the appendix for the numerical values. 229 
 230 
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Figure 3: Wind Rose distribution of log transformed [V], [Ni], [S], PNC, [Cl] and [BC], back 232 
transformed for presentation at Rocklea. Error bars depict standard error. Error bars are not 233 
shown for the NW and N octants which are each represented by a single day. 234 
3.3 Wind rose distribution of species ratios to black carbon ([V]/[Ni], [V]/[BC], [Ni]/[BC], 235 
[S]/[BC], PNC/[BC] and [Cl]/[BC]) as observed at Rocklea 236 
The variation of the octant averaged ratios [V]/[Ni], [V]/[BC], [Ni]/[BC], [S]/[BC], PNC/[BC] and 237 
[Cl]/[BC] with wind direction is examined in this section. Once again, these averages are calculated 238 
across the sampling intervals during which the mean wind velocity vector lay inside the octant 239 
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boundaries. The resulting average species concentration ratios for the wind rose octants are 240 
presented in Figure 4 and the corresponding values are given in the Table A 1 of the appendix.  241 
Panel a of Figure 4 shows a very sharply defined lobe in the NE octant with [V]/[Ni]=3.2 which is 242 
consistent with Moreno’s(2010) finding that winds from shipping routes and ports yield PM2.5 with 243 
characteristic V/Ni ratios of around 3. A more diffuse lobe also ranges across the W and NW octants 244 
with [V]/[Ni] in the range 2.3-3.0. A similar distribution pattern in the [V]/[BC] graph is dominated 245 
by the NE octant even more strongly. [V]/[BC], [Ni]/[BC],  [S]/[BC] and PNC/[BC] are all more 246 
prominently represented in the eastern octants in contrast to the individual species concentrations in 247 
Figure 3, which showed a broader distribution across many wind direction octants. The finding of 248 
elevated levels of the pollutant to [BC] ratio is consistent with these pollutants being emitted in 249 
greater proportion to fuel combustion derived black carbon. The ratio is especially prominent in the 250 
NE octant for vanadium, a finding which is highly suggestive of vanadium rich fossil fuel burning in 251 
that octant. 252 
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Figure 4. Wind rose distribution of [V]/[Ni], [V]/[BC], [Ni]/[BC], [S]/[BC], PNC/[BC] and [Cl]/[BC] 254 
elemental ratios to black carbon as observed at Rocklea. Also shown is ([V].[S]/[BC]2)1/2. Error bars 255 
depict standard error. Error bars are not shown for the NW and N octants which are each 256 
represented by a single day. 257 
3.4 Wind rose distribution of ([V].[S]/[BC]2)1/2 ([Ni].[V].[S]/[BC]3)1/3 as observed at Rocklea 258 
Because the elements V, Ni and S are typically emitted in much greater proportion to BC in ship 259 
engine emissions than in emissions derived from the domestically available fuels used elsewhere in 260 
Brisbane we also examined the wind rose distribution of geometric means combining the two 261 
indicators [V]/[BC] and [S]/[BC]  and combining the three indicators [V]/[BC], [Ni]/[BC] and 262 
[S]/[BC]. As shown in Figure 5, both respond most strongly to a localised source in the NE octant. 263 
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Figure 5: Wind rose distribution of [V].[S]/[BC]2)1/2 and ([Ni].[V].[S]/[BC]3)1/3 as observed at 265 
Rocklea. Error bars depict standard error. Error bars are not shown for the NW and N octants 266 
which are each represented by a single day. 267 
3.5 Correlation between potential ship emission indicators and the number of ship visits 268 
The monthly average number of ship visits in the Port of Brisbane during 2009 shown in Figure A 2 269 
of the appendix can be used to confirm the existence of a relationship between the residual fuel oil 270 
combustion indicators and the fraction of time the wind was in the NE (port) octant as well as with 271 
ship activity at the Port.  272 
Effective indicators of residual fuel oil combustion will show a statistically significant (p<0.05) and 273 
strong (|R| approaching 1) correlation with the amount of time the wind is in the NE octant 274 
containing the port and with the monthly ship traffic intensity. Table 1 summarises the correlation 275 
coefficient and statistical significance of these relationships for various combinations of pollutant 276 
across all octants.  277 
The previous analysis found a directional response of [V]/[BC], ([V][Ni][S]/[BC3])1/3 and 278 
([V][S]/[BC2])1/2 to emissions from the direction of the port. As expected the strongest statistically 279 
significant relationships to ship traffic intensity at the port were produced by these species 280 
combinations. The linear relationships between these variables and the shipping traffic intensity at 281 
the Port can be confirmed visually in Figure A 3 of the appendix. Strong relationships were also 282 
observed for [V][Ni]/[BC2]1/2 and [Ni][S]/[BC2]1/2. These correlations are consistent with the 283 
expectations for effective residual fuel combustion indicators outlined in the previous paragraph. 284 
 285 
286 
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 287 
Table 1: Correlation coefficient and statistical significance for a linear relationship between species 288 
combination and ship traffic intensity. 289 
Species Combination R for Species combination versus 
Ship Traffic Intensity  
p p<α 
Wind Time in NE Octant each month 0.7 0.01 YES 
[V] 0.46 0.13 NO 
[Ni] 0.34 0.27 NO 
[S] 0.68 0.014 YES 
PNC -0.32 0.34 NO 
[BC] -0.081 0.80 NO 
[V]/[BC] 0.65 0.023 YES 
[Ni]/[BC] 0.57 0.055 NO 
[S]/[BC] 0.38 0.22 NO 
PNC/[BC] -0.28 0.3992 NO 
[Cl]/[BC] -0.33 0.3008 NO 
[V][Ni]/[BC2]1/2 0.70 0.012 YES 
[V][S]/[BC2]1/2 0.77 0.0032 YES 
[Ni][S]/[BC2]1/2 0.64 0.26 YES 
[V][Ni][S]/[BC2]1/3 0.76 0.0038 YES 
 290 
291 
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3.5.1 Increase in concentration over background 292 
Table 2 shows the numerical increase in concentration contributed by sources in each octant 293 
assuming that the background is represented by the average octant concentration. As previously 294 
explained the NW and N octants are excluded from consideration because they were not well 295 
represented in the data set. Winds from the NE (45°) octant have above average concentrations of  296 
Ni, V, S, PN and BC. The most outstanding increase is that of vanadium which is 0.52 ng.m-3 (87%) 297 
higher than the all octant average and 0.83 ng.m-3 (280%) higher than the lowest yielding octant 298 
considered to approximate the natural background. This implies that ships are the major source of 299 
vanadium impacting urban air quality in that part of Brisbane.  300 
Table 2: Excess above the average octant concentration (positive values are in bold). *Indicates the 301 
highest yielding octant. 302 
 Octant 
Species 0° 45° 90° 135° 180° 225° 270° 315° 
Δ[Ni] (ng.m-3) N/A 0.09 -0.10 -0.12 0.07 0.15* -0.09 N/A 
Δ[V] (ng.m-3) N/A 0.52* -0.22 -0.30 -0.30 0.15 0.14 N/A 
Δ[S] (ng.m-3) N/A 107* 31 -13 -60 -10 -55 N/A 
ΔPNC (cm-3) N/A 170 -190 -480 -310 120 690* N/A 
Δ[Cl] (ng.m-3) N/A -36 53 170* -30 -72 -83 N/A 
Δ[BC] (ng.m-3) N/A 51 -220 -280 -110 400* 160 N/A 
 303 
304 
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3.6 Relationship between ship emission indicators and other pollutants 305 
As shown in Figure 3, PNC increases in the NE octant relative to adjacent octants. This shows that a 306 
source of high PNC lies in the octant containing the port but neither PNC nor PNC/[BC] showed a 307 
significant correlation with shipping traffic. The source of this increase therefore does not appear to 308 
be related to the port. 309 
The photochemical processing of aged ship emission plumes can result in secondary particle 310 
formation through nucleation (Pey et al., 2013; Pey et al., 2009; Reche et al., 2011) but such aged 311 
plumes may not arrive at the measurement site directly from the port. In fact the elevated [V] and 312 
[V]/[BC] observed in the western octants (Figure 3 and Figure 4) suggest that recirculating aged ship 313 
emissions may be arriving at the measurement site from the west. In order to test the possibility that 314 
air masses arriving at the site from the west exhibit correlated fluctuations in ship emission indicator 315 
species and PNC, we repeated the previous directionally specific correlation analysis for the 316 
combined western sectors. These analyses again yielded weakly negative correlation coefficients 317 
without approaching statistical significance. For example [PN]/[BC] versus [V]/[BC] for the 318 
combined SW, W and NW octants yields R=-0.1, p=0.7. This may be because these aged air masses 319 
have a longer history of exposure to the urban environment and are heavily influenced by the 320 
cumulative contributions of many other secondary particle precursor sources. 321 
The lack of a statistically significant correlation with ship traffic intensity may be partly due to the 322 
limited size of the available data set. In a further attempt to detect the influence of ship emissions on 323 
PNC at the inland site, we sought to remove some of the concentration variance caused by sources 324 
unrelated to the port. We did this by restricting our analysis to days when the mean wind direction 325 
lay within the NE octant containing the port. We then focussed on the correlation of daily 326 
measurements between the strongest ship emission indicator from Table 1 and each of PNC and 327 
PNC/[BC]. The strength and significance of the correlations for the linear relationships of PNC/[BC] 328 
versus [V]/[BC] and PNC/[BC] versus [V][S]/[BC2]1/2 are included in Table 3. The correlation 329 
coefficients are extremely weak and negative in each case and neither relationship is statistically 330 
significant. 331 
Table 3: Relationship between ship emission indicators and PN in the NE octant 332 
 PNC vs  
[V]/[BC] 
PNC vs 
([V][S]/[BC2])1/2 
PNC/[BC] vs  
[V]/[BC] 
PNC/[BC] vs  
([V][S]/[BC2])1/2 
R -0.08 -0.18 -0.1 -0.12 
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p 0.75 0.5 0.7 0.64 
 (p<0.05) NO NO NO NO 
 333 
In contrast to the case for PNC/[BC], restriction of the analysis to the NE octant resulted in the 334 
indicator species [V], [Ni] and [S] and their ratios to [BC] all correlating positively and statistically 335 
significantly with each other and with both [V]/[BC] and [V][S]/[BC2]1/2 confirming a close 336 
relationship between these pollutants. 337 
The contrasting lack of correlation of the PN related variables with the ship emission indicators 338 
implies that the major source of variance in PNC and PNC/[BC] at this site is not ship related. 339 
Clearly, more dominant sources of PN than ship emissions exist in the NE octant. Candidates 340 
beyond road traffic include refinery and aircraft emissions and atmospheric nucleation which can 341 
occur when secondary aerosol precursors in combustion emissions enter the clean marine air.  342 
This finding sheds light on an important broad issue raised by Cheung et al.(2010; 2011) who 343 
identified both the Port of Brisbane and Brisbane Airport as the most probable sources of non-traffic 344 
related PNC in urban Brisbane. The fact that neither PNC nor PNC/[BC] correlate with ship visits or 345 
with the ship emission indicators suggests that PN is not strongly influenced by port at this distance 346 
although it is possible that there would be some influence in closer proximity to the port. 347 
In conclusion we have identified a new set of indicator tools ([V]/[BC] and [V][S]/[BC]) for 348 
identifying emission sources burning low quality residual fuel oil. These indicators are a direct 349 
measure of fuel quality and are therefore sensitive to residual fuel oil combustion. This cannot be 350 
said of metal contaminant ratios such as V/Ni which may be preserved in refined fuels (and 351 
preserved in their combustion emissions) despite an overall reduction through refining, of metal 352 
concentrations in the fuel. The new indicator ratios are a precise tool for identifying sources of 353 
residual fuel oil combustion emission such as shipping in an environment where only refined fuels 354 
are available for domestic consumption. As such they were able to be used to show that ships using 355 
the cities port were not a major source of elevated PNC in the urban environment. 356 
357 
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 434 
Appendix       435 
Figure A 1 illustrates the basis for eliminating three outlying values in the BC data set. 436 
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Figure A 1: Outlying data points from the Black Carbon data set. 438 
439 
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Table A 1: Average species concentrations and ratios for each octant. 440 
Octant 
Lower Bound 337.5 22.5 67.5 112.5 157.5 202.5 247.5 292.5 
Bearing (°) 0 45 90 135 180 225 270 315 
Upper 
Bound 22.5 67.5 112.5 157.5 202.5 247.5 292.5 337.5 
[V] (ng.m-3) 6.0E-01 1.1E+00 3.7E-01 3.1E-01 3.0E-01 7.5E-01 7.4E-01 7.0E-01 
[Ni] (ng.m-3) 5.0E-01 5.2E-01 3.3E-01 3.1E-01 5.0E-01 5.8E-01 3.4E-01 3.0E-01 
[S] (ng.m-3) 2.9E+02 3.5E+02 2.8E+02 2.3E+02 1.8E+02 2.3E+02 1.9E+02 2.7E+02 
[PN] (cm-3) 8.1E+02 1.9E+03 1.6E+03 1.3E+03 1.5E+03 1.9E+03 2.5E+03 2.0E+03 
[Cl] (ng.m-3) 1.5E+01 5.5E+01 1.4E+02 2.6E+02 6.1E+01 2.0E+01 7.9E+00 6.2E+00 
[BC] (ng.m-3) 1.0E+03 9.3E+02 6.6E+02 5.9E+02 7.6E+02 1.3E+03 1.0E+03 1.4E+03 
[V]/[Ni] 1.2E+00 3.2E+00 1.7E+00 1.9E+00 1.5E+00 1.7E+00 3.0E+00 2.3E+00 
[V]/[BC] 5.9E-04 1.3E-03 5.8E-04 5.0E-04 4.9E-04 6.0E-04 8.6E-04 5.0E-04 
[Ni]/[BC] 4.9E-04 5.7E-04 5.3E-04 5.2E-04 7.3E-04 5.1E-04 3.5E-04 2.2E-04 
[S]/[BC] 2.8E-01 4.2E-01 4.4E-01 4.4E-01 2.9E-01 2.0E-01 1.9E-01 2.0E-01 
[PN]/[BC] (#.mg-1) 7.9E-01 2.5E+00 2.9E+00 2.2E+00 2.3E+00 1.7E+00 2.5E+00 1.4E+00 
[Cl]/[BC] 1.4E-02 2.6E-01 4.5E-01 1.1E+00 3.5E-01 1.2E-01 3.2E-02 4.5E-03 
([V].[S]/[BC]2)1/2 1.3E-02 2.3E-02 1.4E-02 1.3E-02 1.1E-02 1.0E-02 1.1E-02 9.9E-03 
([Ni].[V].[S]/[BC]3)1/3 4.3E-03 6.5E-03 4.5E-03 4.0E-03 3.9E-03 3.5E-03 3.3E-03 2.8E-03 
 441 
442 
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Table A 2: Chemical concentration and average wind speed (WS) and wind direction (WD) data. 443 
Date Vave θave [V] [Ni] [S] [PN] [Cl] [BC] 
 (m.s-1) (deg) (ng.m-3) (ng.m-3) (ng.m-3) (cm-3) (ng.m-3) (ng.m-3) 
04/01/2009 2.86 134 0 0.1 326.9 N/A 584.1 455 
07/01/2009 2.12 80 0.4 0.6 367.5 N/A 1101.5 690 
11/01/2009 1.65 114 0.2 0 241.7 N/A 632.4 449 
14/01/2009 2.13 104 0 0.2 230.1 N/A 507.8 671 
18/01/2009 3.10 125 0 0 248.9 N/A 765.8 362 
21/01/2009 2.03 26 1.2 0.1 328.4 N/A 604.1 720 
25/01/2009 2.02 68 0.6 0.7 325.8 N/A 214.2 576 
28/01/2009 2.52 117 0 0 201.7 N/A 350.9 730 
01/02/2009 1.68 123 0.4 0 355.2 N/A 916.6 542 
04/02/2009 2.45 118 0 0 385 N/A 774.1 662 
08/02/2009 0.95 112 0.2 0 299.5 N/A 332.3 655 
11/02/2009 1.43 85 0 0 369.9 N/A 14.9 695 
15/02/2009 0.52 195 0.5 0.3 187.3 2830 13.6 427 
18/02/2009 1.46 142 0.1 0.9 95.1 1270 55.2 776 
22/02/2009 2.56 129 0 0.4 348.9 1023 14.9 529 
25/02/2009 0.86 109 0.1 0 276.9 2511 114.8 926 
01/03/2009 1.13 46 0.3 0 463.9 4369 16.7 1037 
04/03/2009 1.89 43 1 0.1 335.7 4717 131.2 659 
08/03/2009 2.41 112 0 0.5 294.3 865 533.8 637 
11/03/2009 2.68 138 0.3 0.3 194.2 852 743.3 451 
15/03/2009 0.99 50 1.3 0.3 374.3 6611 87.3 914 
18/03/2009 2.17 129 0.4 0.5 412.3 982 11.6 712 
22/03/2009 2.14 155 0.3 0.3 195.6 1173 395.6 483 
25/03/2009 1.60 131 0.1 0 201.7 1182 136.4 736 
29/03/2009 2.62 162 0.4 0.3 197.3 364 664.5 311 
01/04/2009 1.40 117 0.4 0.9 181.7 1852 133.2 784 
05/04/2009 1.29 80 0.1 0.1 118.3 998 80.7 297 
08/04/2009 2.33 154 0.8 0.5 317.6 1518 448.3 628 
12/04/2009 0.83 120 0 0 157.5 1131 537.4 599 
15/04/2009 1.24 227 0.2 0 189.4 2151 2.5 1076 
19/04/2009 2.25 221 0.1 0 211.7 982 250.6 640 
22/04/2009 2.23 214 0.2 0.9 158 1002 603.4 542 
26/04/2009 2.03 281 0.5 0.7 231.4 3019 5.2 895 
29/04/2009 0.74 207 0.7 1 337.3 4588 4.7 1571 
03/05/2009 1.38 168 0.3 0.2 135.6 1246 16.6 852 
06/05/2009 1.70 185 0 0.8 154.4 1076 157.6 740 
10/05/2009 1.59 191 0 0.1 366.9 1133 6.5 1143 
13/05/2009 0.92 259 0.7 0.3 316.1 3316 3.8 1323 
17/05/2009 1.17 171 0 0.6 216.1 3933 105.2 941 
20/05/2009 3.11 126 0.1 0 93.5 875 876 430 
24/05/2009 2.73 156 0 0.1 186.8 523 1846.3 282 
27/05/2009 0.59 257 3.2 0.9 261.8 5705 17.1 2039 
31/05/2009 1.69 172 0.5 0 139.6 1835 412 801 
03/06/2009 1.21 173 0.1 1.5 68.6 2179 41.6 1068 
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07/06/2009 2.31 262 0.5 0 230.7 2329 1.5 982 
17/06/2009 1.47 217 0.9 0.3 188.3 4275 24.4 1875 
21/06/2009 0.50 133 1 0 210.2 1613 405.2 693 
24/06/2009 1.53 224 1.1 0.6 315.1 2226 2.7 2048 
28/06/2009 1.80 254 0.2 0 155.2 825 1.2 556 
01/07/2009 0.73 65 2.5 1.7 497.7 7004 5.9 3278 
05/07/2009 2.02 238 0.1 0.1 80.2 2506 17.8 1091 
08/07/2009 2.43 177 0.3 1.6 174 1380 508.7 780 
12/07/2009 0.51 231 2.7 1.6 301 4001 140 1553 
15/07/2009 1.21 277 0.3 0.1 157.3 5900 10 1713 
19/07/2009 0.57 215 0.9 1.2 299 2574 21.4 1541 
22/07/2009 1.61 299 0.7 0.3 272.3 2008 6.2 1389 
26/07/2009 0.64 46 1.5 0.5 284.1 1781 11 1218 
29/07/2009 1.17 220 1.3 0.3 295.3 1508 10 1987 
02/08/2009 0.77 217 0.3 1.1 270.4 1843 8 1549 
05/08/2009 0.58 207 1.5 0.7 332.5 822 5 1636 
09/08/2009 0.81 227 1.5 0.6 257.8 1917 34.4 1172 
12/08/2009 0.71 49 1.6 0.7 281.2 N/A 70.4 1041 
16/08/2009 0.64 31 1 0.7 442.8 1679 10.7 946 
19/08/2009 0.77 171 0.5 0.6 242.9 1257 106.7 1225 
23/08/2009 1.09 61 3.9 1.6 630.1 3069 19 1332 
26/08/2009 2.23 263 2.1 0.5 114.5 1002 151.9 683 
30/08/2009 2.36 246 0.6 0.4 242.7 688 6 836 
02/09/2009 0.92 63 0.3 0.6 412.9 1663 6.2 1300 
06/09/2009 0.95 79 1 0.2 323.2 3443 139.4 878 
09/09/2009 2.08 258 0.1 0.3 137.1 2081 6.7 874 
13/09/2009 0.60 77 2.4 0.8 612.9 N/A 16.8 1035 
16/09/2009 0.97 56 1.6 0.8 356.7 N/A 18.6 1269 
20/09/2009 0.72 147 3.2 0.7 1173.7 1765 10.6 1694 
30/09/2009 4.38 258 0.8 0.7 209.6 1514 5.1 1329 
04/10/2009 1.09 34 0.1 0.3 174.9 1575 569.4 519 
07/10/2009 1.84 124 0.6 0.5 285.9 808 14.7 1021 
11/10/2009 0.96 7 0.5 0.6 126.6 2824 113.5 702 
18/10/2009 0.86 145 0.6 0.1 207.5 1891 59.9 714 
21/10/2009 3.36 271 0.7 0.5 246.3 933 10.6 602 
25/10/2009 1.20 110 1.8 0.6 397.2 2503 195.4 836 
28/10/2009 1.19 26 0.5 0.2 299 561 190.7 842 
01/11/2009 1.99 35 0.6 0.2 128.8 2711 89.6 543 
04/11/2009 1.58 98 0.8 0.2 212.7 1009 197.7 770 
08/11/2009 1.78 97 0.1 0.3 252.2 895 153.3 530 
11/11/2009 1.96 44 0.4 0.7 156.2 1380 104.7 738 
15/11/2009 2.47 99 1 0.3 303.8 723 11.3 736 
18/11/2009 1.45 81 0.5 0.6 513.9 1972 792.9 678 
22/11/2009 1.47 29 0.9 0.7 497.9 803 136.2 513 
25/11/2009 2.55 88 0 0.3 230.7 2942 495.6 499 
02/12/2009 2.09 33 0.3 1.5 210.4 2153 262.1 748 
06/12/2009 3.16 92 0.3 0.5 266.9 2668 387.6 938 
09/12/2009 1.46 41 0.8 0.2 311.6 708 522.6 823 
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13/12/2009 2.47 156 1.7 0.6 415.1 1355 208.3 615 
16/12/2009 2.52 42 0.5 1.2 536.4 N/A 38.9 804 
20/12/2009 2.70 35 0.6 0.2 344.7 N/A 1.7 700 
23/12/2009 1.89 43 0.4 0.1 303.9 N/A 12.5 774 
27/12/2009 2.81 68 1 0.5 413.2 N/A 1175.2 565 
30/12/2009 0.92 192 0 0.2 181.3 N/A 573.6 471 
 444 
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The monthly average number of ship visits in the Port of Brisbane during 2009 shown in Figure A 2. 446 
 447 
Figure A 2: Number of ship visits to the Port of Brisbane in 2009 (Port_of_Brisbane_Corporation, 448 
2009, Port_of_Brisbane_Corporation, 2010). 449 
450 
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Linear relationships between the ship emission indicators are shown in Figure A 3. 451 
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Figure A 3: Relationship between monthly average [V]/[BC], [V][N][S]/[BC2]1/3 and 453 
[V][S]/[BC2]1/2 and the number of monthly ship visits from year 2009. 454 
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